Abstract-This paper proposes a combined design and control method for inductive power transfer systems that eliminates the need for overrating the converters in applications where the coupling conditions vary significantly during operation. The method is developed for series-series compensated systems with only one active power electronic converter and a diode rectifier connected directly to a constant voltage dc bus or a battery. The worst-case voltampere requirements are minimized by shaping the frequency characteristics of the system. Rated power flow during coupling variations is achieved by frequency control at constant voltage. Design guidelines are given to achieve close to unity power factor, constant current amplitude, and minimum switching losses for the converter over the whole coupling range. Due to the simple system configuration requiring only one active converter with minimum rating, the method is deemed particularly suited for highpower applications. The properties of the investigated system configuration are demonstrated by theoretical analysis and time-domain simulations. Effectiveness and feasibility of the proposed method are also validated by experimental measurements from a small-scale laboratory prototype.
with power levels reaching from a few kWs toward the MW range [2] , [4] , [6] [7] [8] .
High-power IPT systems with loose coupling between the coils rely on capacitive compensation networks to ensure resonant operation and compensation of the large reactive power consumption resulting from low mutual inductance. The basic compensation networks-series-series (SS), series-parallel (SP), parallel-series (PS), and parallel-parallel (PP)-are well established and have been object of extensive analysis and comparison [9] [10] [11] . However, the optimization of design and control methods for improving efficiency and robustness to misalignment or variations in airgap distance, while fulfilling application specific requirements, is still an active research field with several approaches being pursued [10] [11] [12] [13] [14] [15] [16] [17] [18] . More complex compensation networks, including combinations of seriesparallel connected capacitors [12] , and/or additional inductors [19] , [20] have also been proposed. Some of these topologies have shown promising performance in terms of reduced stress on power converters in case of variable load and/or variable coupling [12] , [19] [20] [21] [22] . However, the increased complexity and the requirement for additional reactive components make such topologies less preferable for very high-power applications. Especially when reaching the MW power range, as for the applications in [8] and [23] , compensation networks with additional inductors and/or capacitors will imply significant added cost, complexity, weight, and volume of the integrated system.
Among the simple IPT system topologies, SS compensation is often found most suited for high-power battery charging applications [8] , [11] . This is especially the case when load and coupling conditions may change during operation, since the SS topology results in small variations in resonant frequency [11] . SS-compensated IPT systems can also be symmetrical, which leads to simpler coil designs, particularly when the input/output dc voltages are of similar magnitudes. Current-source behavior at the pickup side is also desirable for battery quick-charging applications. Moreover, series compensation at sending end allows for direct use of conventional voltage-source converter topologies, with no need for additional series inductance or other impedance conversion networks.
For any IPT system designed to operate with maximum efficiency at rated load in a given coupling condition, the efficiency can only drop when the coupling changes, unless active control is performed on the equivalent load resistance and/or on the resonant frequency of the system. At high-power levels, load matching while controlling the power flow to the desired level is normally achieved by using active power converters at both sides of the IPT link [4] , [15] [16] [17] [18] . However, using a diode rectifier at the pickup side rather than an active high-frequency high-power converter is a definite advantage in terms of system cost and complexity.
This paper addresses the general challenge of designing highpower IPT systems suitable for operation with large variations in coupling between sending and pickup coils, due to relative movement or misalignment. Thus, the simple configuration of an SS-compensated system with a pickup-side diode rectifier interfaced to a constant dc voltage will be assumed. The sensitivity of the coupling against relative movement depends on the physical construction (i.e., shape, size, etc.) of the coils [11] , [12] . However, this paper will not consider the electromagnetic design of the coils, but will instead analyze the fundamental properties of SS-compensated IPT systems transferring power between two fixed dc voltages. In particular, methods for shaping the frequency characteristics of such systems will be presented, and it will be discussed how these characteristics and the choice of control strategy will influence the rating requirements for the power electronic converters. On this basis, it will be demonstrated that a coordinated selection of resonant circuits and frequency control strategy can allow for minimum voltampere (VA) rating of the converters.
II. BASIC CHARACTERISTICS AND LIMITATIONS OF SS-COMPENSATED IPT SYSTEMS OPERATED IN RESONANCE
In the simple SS-compensated system of Fig. 1 , the sending coil is excited by the output voltage v send of an H-bridge converter. In general, v send (t) is a three-level waveform with controllable fundamental frequency and amplitude, within the limit imposed by the input voltage V dc,in . The ac signals at the pickup terminals of the resonant coils, v pick and i pick , are rectified by a diode bridge whose dc terminals are connected to a constant voltage load (CVL) V dc,out .
In the literature, the characteristics of the system in Fig. 1 are usually studied by introducing the following two major assumptions, leading to the simple equivalent circuit in Fig. 2: 1) Harmonic approximation; all the voltages and currents in the system are assumed to be sinusoidal. 2) Load modeling with equivalent resistance. Using phasors, the voltage limitations of the system introduced by the converters are, therefore,
The equivalent load is expressed as follows [24] :
It has been demonstrated in [4] that the maximum achievable power transfer efficiency of the system shown in Fig. 2 is given by
The coupling coefficient k and the quality factor Q are expressed in terms of the coil self-inductances, L 1 and L 2 , the mutual inductance M and the series-equivalent resistances, R 1 , and R 2 , as
In order to maximize the power transfer capabilities and minimize the VA requirements of the sending-end converter, the resonant circuits at either side of the link are usually tuned to the same resonant frequency ω 0
(6) The maximum efficiency in (3) is only achieved when the system is operated at resonance and the equivalent load at pickup is perfectly matched to the reflected impedance [11] 
Assuming ideal lossless components, the steady-state power flow across the link, at the resonance frequency defined by (6) , is calculated from Fig. 2 as
When the magnetic coupling between sending and pickup coils changes, M will change and power flow can be kept constant by regulating V send . For rated power flow P rated at maximum and minimum coupling, the following holds:
The mutual inductances M min , M max and the resonant frequencies ω 0,min , ω 0,max are those corresponding to minimum and maximum coupling, respectively. Operation in resonance with controllable voltage amplitude implies that unity power factor will be maintained in the entire operating range of the mutual inductance. For a lossless system, this implies P rated = V send,max · I send,min = V send,min · I send,max . (10) In this equation, I send,min is the current required to transfer the rated power at the maximum coupling (which corresponds to maximum voltage), while I send,max is the current required at the minimum coupling (which corresponds to minimum voltage). Using (9) and (10), the maximum VA requirements of the Hbridge can be calculated as
(11) For most loosely coupled SS-compensated systems, it is reasonable to assume L 1 and L 2 as constants, resulting in constant ω 0 . As a result of (4), this implies that M will be approximately proportional to the coupling coefficient k. Thus, (11) simplifies into [23] , [25] 
The equation above shows that the range of coupling conditions has major effect on the VA requirement at sending end when operating in resonance with voltage control. Indeed, the worst-case rating requirement for the sending-end converter is approximately given by the ratio between the maximum and minimum coupling coefficients. Thus, the wider the variation of k, the higher the required VA rating will be, regardless of the particular voltage and current levels. This is illustrated in Fig. 3 for a case with a ratio of three between the maximum and minimum coupling. The figure clearly shows how the sending voltage and current will change with the coupling when conventional fixed-frequency operation in resonance is used and rated power flow is maintained. In the figure, V send and I send are normalized to their respective values at maximum coupling V send,max and I send,min .
III. IPT STEADY-STATE FREQUENCY CHARACTERISTICS WITH CONSTANT VOLTAGE LOAD
When studying the frequency characteristics of the original physical system in Fig. 1 , the load cannot be modeled by an equivalent constant resistance (CR) as in Fig. 2 . Instead, it must be taken into account that the amplitude of the load voltage V pick will remain constant while the load current I pick will change when the excitation frequency changes. Thus, the combined action of the diode rectifier and the constant dc voltage source result in the harmonic equivalent circuit of Fig. 4 . It is noted that the dependent voltage source representing the load is influenced by the pickup current; in particular, the phase of the pickup voltage must be equal to the phase of the current that is driving the polarity switching of the diode bridge, resulting in nonlinear behavior of the overall circuit.
Using conventional circuit theory and imposing the constraints described above, a closed-form solution for the currents and voltages in the system can be found. The general solution including conduction losses results in a complicated equation that is not shown here due to space constraints. However, in the ideal case of lossless coils, the power transferred to the load has a relatively simple expression
where the unbalance factor x u is defined according to
The expression in (13) is only valid when the resulting power flow is real and positive, marking the limits for continuous conduction mode operation of the diode rectifier. For x u ≤ 1, the frequency range where nonzero power transfer can take place is given by the roots of the second-order equation in the denominator of (13)
(15) From (13) it can be seen that the power transfer at the frequencies ω=ω L and ω=ω U will ideally approach infinity.
The situation is markedly different if x u > 1; in that case, the operating range is given by the solutions of the expression in the numerator of (13) and is restricted to
while the power flow approaches zero at the boundaries. Under the same assumption of lossless coils, the argument of the impedance seen by the source in Fig. 4 is expressed as
From (17) , the key property of systems operated at x u = 1 (referred to as balanced systems in this paper) follows:
Thus, a lossless balanced system operated with CV load will maintain unity power factor at the sending end for all possible operating frequencies within the range in (15) .
The system balanced according to the definition above is also a perfectly matched system in the sense of the classical definition derived from the concept of equivalent resistance. In fact, evaluating (13) for x u = 1 and ω = ω 0 we obtain
Since (13) applies to lossless coils with infinite Q, (19) coincides with the expression of the ideally matched load in (7). It has previously been shown that an optimally matched system is operated at the bifurcation limit [26] . For CR-loaded systems this means that for any load higher than the critical value in (19) , the phase displacement between sending voltage and current will not be monotonous with frequency and will have two additional zero-crossings beside the one at the resonant frequency defined by (6) . A similar phenomenon occurs for CV-loaded systems, as consequence of the sign inversion of (17) around ω 0 when x u crosses unity. A direct comparison between the steady-state characteristics of the IPT system described above with CR load equal to (19) and with CV load corresponding to x u = 1 is shown in Fig. 5 . The voltage at the sending end is kept constant in both cases. In the figure, the power has been normalized to the value at resonance defined by (8) .
As expected, CR and CV characteristics coincide in case of lossless coils and resonant operation with ω=ω 0 . However, significant differences emerge when considering off-resonant operation. In particular, the power flow is always bounded in case of CR load, even when lossless coils are considered. Moreover, the constant power factor characteristic of balanced CV load is never observed in the CR case. Fig. 5 also shows that when losses are accounted for, CV characteristics are strongly affected; however, the power flow still has two pronounced peaks close to the limit frequencies in (15) . Furthermore, the equivalent sending-end impedance remains very close to resistive for all frequencies between the two power peaks, implying close to unity power factor operation of the sending-side converter for a relatively wide frequency range around the resonance frequency. Comparatively, CR characteristics are rather insensitive to losses, as long as the Q-factor remains within the range that can be expected for practical high-power systems. Power peaks are much less pronounced for CR load and the variation of the sending-end power factor with frequency is much stronger.
It is emphasized that the characteristics shown in Fig. 5 are quite general, as they apply to all SS-compensated IPT systems that are designed to operate under perfectly matched load, regardless of the particular choice of voltage and current levels. The characteristics are drawn for k= 0.35; changing the cou-pling will affect the achievable CV operating range, as stated by (15) . Higher coupling also leads to higher normalized power flow peaks, for the same Q-factors.
IV. METHODS FOR ENHANCEMENT OF OUT-OF-RESONANCE POWER TRANSFER CAPABILITY
The characteristics of the ideal system, resulting from (13) and (18) , suggest that by changing the operating frequency while keeping constant input voltage V send , the power P out transferred to a CV load V pick with a certain coupling coefficient k can ideally be regulated over the range
Moreover, the system will have unity power factor at both the sending and receiving sides over the whole regulation range. Fig. 5 shows that power control with constant sending-end voltage and close to unity power factor can also be achieved for a system with reasonable losses in a wide frequency range around the resonant frequency. This is in contrast with conventional superresonant frequency control normally applied to seriesresonant-load converters [27] or even with the more advanced dual voltage/frequency control [14] , [28] , [29] . Those methods achieve negligible turn-on losses of the switches, since they are always turned ON at zero current, but turn OFF may take place at relatively high current. Associated losses are normally not negligible, especially when high-voltage IGBTs are used [30] , [31] .
The main problem of the constant-voltage, variable-frequency (CV-VF) control method is the relatively limited range achievable for the regulated output power. As indicated in Fig. 5 , the range gets smaller as the quality factor of the coils decreases. Obviously, one should try to pursue the highest Q possible for the design, in order to achieve highest possible efficiency [see (3)], but there are indeed practical limits dictated by component and material properties.
A. Unbalancing the Voltage Transfer Ratio for Enhancing Power Transfer Capability
The upper bound of the achievable power flow with frequency control can be increased by unbalancing the design so that the operation at rated voltage in resonance results in bifurcated characteristics. Using the unbalance factor x u defined in (14), a design rule for the coils is introduced as follows:
It is pointed out that in most conventional designs, unbalance in the opposite direction (i.e., x u > 1) is deliberately added in order to avoid bifurcation and have monotonous characteristics for the argument of Z send [29] , [32] . This is necessary when using control methods that rely on some kind of phase tracking for power flow control [14] , [29] .
In [33] , the system is designed to operate beyond the bifurcation limit to extend the zero-voltage switching (ZVS) region in a way similar to what is proposed in this paper. However, no clear design rule is given, as the effect of unbalance is only indirectly evaluated by using the CR model. The effect of unbalancing the design with x u < 1 according to (21) is shown in Fig. 6 for the case with CV load. It is clear that a small amount of unbalance is very effective in increasing the power regulation range and also that it enhances the bifurcation in the phase characteristics of the system. In general, it should be expected that the unbalance will affect the maximum achievable transfer efficiency. However, as calculated in [11] , the expected drop in maximum efficiency is not significant, as long as the unbalance is kept within 10-20%.
Even if the unbalancing is making the phase bifurcation more noticeable, the power factor at sending end remains very close to unity over the whole frequency range suitable for power regulation. However, the behavior at the ac terminals of the H-bridge may turn from inductive to capacitive (and vice-versa) with changes of the operating frequency and/or of the voltage ratio. Moreover, operation at the resonant frequency is guaranteed to be always at exactly unity power factor. This may be less than optimal for minimization of the converter switching losses. As discussed in [34] and [35] , slightly inductive operation of the Hbridge is desirable, in order to achieve natural discharge of the output capacitance of the switches by the load current, resulting in ZVS with minimum loss.
B. Detuning for Ensuring ZVS Conditions for the H-Bridge.
It is possible to modify the phase characteristics of the IPT system by selecting different resonance frequencies at the sending and receiving sides [36] . A simple way of achieving slightly inductive impedance, consistently over the whole frequency range of interest for power regulation, is to deliberately introduce detuning of the compensation capacitances. Thus, the following generalization is proposed: When the capacitive detuning factor x c is unity, (22) reduces to the perfectly tuned condition defined by (6) . The effect of detuning on the IPT frequency characteristics is shown in Fig. 7 and can be summarized as follows.
1) x c > 1 widens the range of power regulation in subresonant operation, ω L <ω<ω 0,pick . The impedance Z send seen by the H-bridge becomes slightly inductive over the whole frequency range of interest. 2) x c < 1 widens the range of power regulation in superresonant operation, ω 0 , pick <ω<ω U . The impedance Z send seen by the H-bridge becomes slightly capacitive over the whole frequency range of interest. A small amount of capacitance detuning has negligible effect on the base power flow achievable in resonance and, as a consequence, on the expected efficiency. The design with x c > 1 is particularly favorable, as it leads to ZVS with minimum turn-off current of all H-bridge switches during square-wave operation, resulting in very low switching losses over the whole frequency range.
V. POWER FLOW CONTROL WITH CONSTANT VOLTAMPERE OPERATION FOR WIDE VARIATIONS OF COUPLING
The characteristics obtained in the previous section can be used as basis for controlling the power flow in case of wide variations of the coupling coefficient without incurring the worst-case component stress described in Section II.
A perfectly tuned, lossless, SS-compensated IPT system operated with square-wave modulation in resonance at nominal coupling k=k nom has rated power defined as
(23) Fig. 8 . IPT characteristics and operating points (marked with circles) at rated power, constant I/O voltage, variable coupling; coils with k n om = 0.2,Q 1 =Q 2 = 150; unbalance factor x u = 0.95; detuning factor x c = 1.03, frequency is normalized with respect to f 0 (k n om ), and power is normalized to P 0 (k n om ) = P rated . As previously discussed, (23) is still a reasonable approximation if the Q-factor is sufficiently high, even if small unbalance and capacitive detuning are present. Assume that the coupling may change during operation in a range
Then, the frequency can be controlled over the subresonant range ω L <ω<ω 0 to keep rated power flow. Fig. 8 shows the static characteristics of the IPT in three different coupling conditions with indication of the resulting operating points at rated power under the proposed CV-VF control method. Rated power flow at close to unity power factor is always achieved, since the system is designed so that the peak power is higher than the 
Since the sending voltage is constant, this implies almost constant sending current, in spite of the variation of the coupling in (24) . For the particular case of Fig. 8 , a variation of more than 300% on the coupling is possible without increasing the current rating of the H-bridge
(26) This result should be compared with (12) that applies when conventional voltage controlled operation in resonance is used. Fig. 9 shows how the coupling affects the sending current and voltage in case of rated power flow with the proposed CV-VF control strategy. In the figure, the voltage is normalized to its constant value V send,0 and the current is normalized to the base value
The results in Fig. 9 are in clear contrast with the behavior of the system operated in resonance as reported in Fig. 3 .
The advantage of the proposed approach for design and control is made explicit by comparing results from timedomain simulations in Fig. 10 . Operation of an IPT system designed for conventional voltage control at resonance (fixed frequency) is shown in Fig. 10(a) and (b) when using the wellknown phase-shift modulation method for the H-bridge [16] . Fig. 10(c) and (d) shows the IPT system designed with the characteristics of Fig. 8 and operated according to the proposed frequency control method. Steady-state voltages and currents are shown for nominal and maximum allowed coupling, respectively.
The system operated at fixed frequency is designed with ideal balance and is perfectly tuned: x u =x c = 1.0. Its resonant frequency is set by choosing the resonant capacitor values so that rated power flow P rated is achieved at rated voltage and maximum coupling. Assuming that the same coil design and I/O dc voltages are used for both systems, (23) results in
The results confirm that the worst-case current of the system operated in resonance and at fixed frequency is about three times higher than for the system designed and operated according to the proposed method, as predicted by (12) . Fig. 10(a) also shows that, because of the unity power factor operation at reduced voltage, the commutations of the H-bridge take place at very high current. In particular, considerable turn-on losses must be expected in the leading bridge leg. In contrast, the H-bridge in the proposed system design always operates in conditions corresponding to ZVS with low current, leading to very low switching losses.
It can be noted that it is indeed possible to use a double-stage conversion system for the system operated in resonance, with a dc-dc converter regulating the input dc voltage of the H-bridge for achieving the required variable ac voltage with square wave operation. However, such solution leads to increased complexity and cost due to the additional conversion stage. Moreover, the dc-dc converter is effective in reducing the switching losses but cannot solve the basic problem of increased sending current with variable coupling. 
VI. EXPERIMENTAL VERIFICATION ON A SMALL-SCALE IPT PROTOTYPE
To demonstrate the validity of the proposed approach, an experimental setup with parameters reported in Table I has been used. Two identical coils have been manufactured and mounted on a structure allowing for variable-distance operation, as shown in Fig. 11 . A simple planar construction has been used for the coils, featuring an elongated spiral shape built over a rectangular ferrite back-plate serving as magnetic shield. As far as the proposed method is concerned, only the electrical parameters of the coils are relevant (self-inductance, coupling coefficient, quality factor); the particular shape and the magnetic construction of the coils have no influence and will, therefore, not be discussed in detail.
Measurements in Fig. 12 show the variation of the magnetic parameters of the coupled coils as function of the separation distance with perfect alignment. Over the considered range of distance, the coupling coefficient varies by a factor of 2.75, while the self-inductance remains almost constant.
The value of the resonant capacitors is designed so that rated power flow can take place in resonance at the nominal coupling. Moreover, 3% detuning (x c = 1.03) is introduced in order to achieve slightly inductive power factor at the output of the Hbridge, resulting in close to optimal switching.
The quality factors of the prototype are estimated by considering the equivalent series resistance of all the components on the current path
Losses in the ferrite plates have been calculated using the classical Steinmetz equation, since the currents are very close to sinusoidal. However, their contribution is small (less than 1 W) and has, therefore, been neglected in (29) .
As verified by evaluating (21) with the parameters of the setup, the system is designed with unbalance factor x u = 0.95. According to Fig. 8 , this is sufficient for the specified range of coupling while leaving margin for parameter uncertainties.
Experimental results taken from the prototype are shown in Fig. 13 , together with the results of equivalent MAT-LAB/Simulink simulations. In these simulations the H-bridge and the diode rectifier are assumed to be ideal, with zero onresistance and infinitely fast commutations of switches and diodes. All the system losses are lumped into the equivalent series resistances at either sides of the IPT, whose values are calculated according to (29) .
In the experiments, the dc voltages at both sides of the link are kept at their nominal value by using a regulated dc power supply at the sending end, and an electronic load operated in CV mode at the pickup. For each measurement point, the coupling is set by changing the separation distance between the two coils. The system is started at the nominal resonant frequency f 0 = 137kHz; the frequency is then slowly ramped down until the output power reaches the rated value. As predicted by the characteristics in Fig. 8 , the higher the coupling, the lower the resulting operating frequency. In this particular case, a variation of coupling between 0.205 and 0.564 (275% increase) leads to a frequency variation between 137 and 104 kHz. As expected from the design, the power factor at the output terminals of the H-bridge remains constant, very close to unity and slightly inductive, in spite of the wide frequency range of operation. As a consequence, the amplitude of the currents does not change with coupling variations, resulting in close-to-constant efficiency at rated power over the whole coupling range. ZVS of the H-bridge takes place for all values of coupling.
For each operating point, MATLAB/Simulink simulations are performed by using the same I/O dc voltages and the same operating frequency of the experiments. Resulting waveforms closely match the experimental results, validating the theory.
Measurements from the setup during the experiments in Fig. 13 result in about 0.920 dc-dc efficiency, regardless of coupling. This is due to the currents in the system being almost constant in spite of the large variation of coupling. Losses in the coils do increase with frequency, due to slightly higher ac resistance (see Table I ), and so do the switching losses. On the other hand, ferrite losses are expected to decrease, due to lower flux density. In any case, the contribution of all frequency-dependent losses is minor in this case and could not be detected by measurements. According to (3), the maximum efficiency achievable by the setup at nominal coupling is calculated as 0.940. The 2% difference is mainly associated with the combined contribution of nonmodeled loss components (switching losses in spite of ZVS, losses in the magnetic plates and in the metallic structures supporting the windings, losses in the dc-filtering capacitors etc.), measurement errors, and uncertainty on loss parameters.
VII. CONCLUSION
A method for minimizing the rating requirements of power electronics converters in IPT systems intended to transfer rated power over a wide range of coupling conditions has been proposed and experimentally verified. It is shown that by properly designing the coils and compensation networks of a SScompensated system with passive pickup, operation at rated power over a wide range of coupling can be achieved with constant currents. At the same time, close-to-ideal ZVS conditions for the sending side H-bridge converter can be maintained. The theory behind the proposed method is presented, based on analytical solution of the IPT circuit in case of CV loading.
The wide operating range is achieved by designing the coils with a small unbalance, compared to the ideal and well-known condition of perfectly matched load, resulting in operation at rated load that is beyond the bifurcation limit of the system. At the same time, global ZVS conditions at rated power are ensured by slightly detuning the resonant frequencies of sending and pickup coils.
MATLAB-based simulations and experiments on a smallscale prototype demonstrate the feasibility of the approach. Rated power flow with constant currents and constant I/O voltages has been experimentally demonstrated for coupling variations as high as 275%. Simple, identical planar coils are used for the lab demonstrator and coupling is changed by varying the separation distance; however, the design principle can be applied to any coil design and coupling variation can be the result of arbitrary change of relative position and orientation.
Due to the simple structure of the converters and of the compensation networks, the proposed method is believed to be particularly suited for high-power battery charging applications where the coupling may change widely during operation.
